(2) When the Grx/Re21/8xPr1/2 is between 10-4 and 10-2, heat transfer coefficients for both upward flow and downward flow are higher than any of those predicted by the previous correlations for turbulent forced convection along a flat plate and turbulent free convection along a vertical flat plate. This is, differently from the case of 18 mm gap, due to the effect of the acceleration of main flow induced by the development of the boundary layer along the channel.
(3) When the Grx/Re21/8x/Pr1/2 is larger than 10-2, the upward flow shows the nature of free convective flow even with the gap as narrow as 2.5 mm in the vertical rectangular flow channel.
Heat transfer correlations which have been developed for the 18 mm gap channel, are also available for the described-above regions of 2.5 mm gap channel. Primary pump failure and flow coastdown is postulated as one of the design basis events (DBE) for the safety analysis of a research nuclear reactor as well as for that of nuclear power plants. The upgraded JRR-3 is planned as a pool-type research nuclear reactor (1) , where a core will be submerged in a reactor pool. In the steady state, its core will be cooled with downward light water flow. If the primary pump failure and flow coastdown should occur, downward velocity of coolant reversal occurs. As for core cooling during such core flow reversal, combined forced and free convective heat transfer, where free convection coexists with forced convection, takes the place of forced convective heat transfer.
For the safety analysis of a research nuclear reactor where a flat-plate-type fuel is adopted like as the upgraded JRR-3, therefore, it is important to understand the heat transfer characteristics of the combined forced and free convective flow in subchannels of the fuel elements.
Some experiments were carried out to investigate the heat transfer characteristics of combined forced and free convection, previously.
Kenning et al. (2) found that, in their experiment with a tube of 33.1 mm in diameter for developing and developed upward flow, heat transfer in combined forced and free convective flow was suppressed compared with that in purely turbulent forced convective flow because of effect of buoyancy force.
Jackson et al. (3) found that, in their experiment with a tube of 98.4 mm in diameter for developed downward flow, heat transfer in combined forced and free convective flow was improved compared with that in purely turbulent forced convective flow. This result differs from that presented by Kenning 
This equation is similar to Eq. ( 1 ) except that distance from the entrance of the flow channel x is taken for characteristics length in Nux, Grx and Rex instead of di, and that a heat transfer correlation for turbulent forced convective flow along a flat plate is used to predict Nux,ft.
In addition to Eq. ( 2 ), Sudo et al. presented another heat transfer correlation, as shown below, to correlate the same data from the viewpoint of free convection : ( 3 ) where Nux,nt was estimated by the heat transfer correlation for turbulent free con-vective flow along a vertical flat plate. Figure 1 shows the curves for Eqs. ( 2 ) and ( 3 ) . As the ordinate, the non-dimensional parameter Nux/Nux,ft or Nux/Nux,nt is taken, and as the abscissa, the non-dimensional parameter Grs/Re2P8Pr'12 is taken. Fig. 1 Previous heat transfer correlations for combined convection presented by Sudo et al. (6) As for Eq. ( 2 ), in the region where Grx/Re21/8xPr1/2 is smaller than 10-4, Nux/Nux,ft given by Eq. ( 2 ) is approximately 1, and in the region where Grx/Re21/8xPr1/2 is higher than 10-4, the Nux/Nux,ft increases monotonously as Grx/Re21/8xPr1/2 increases. This tendency means that a local Nusselt number can be predicted roughly by the heat transfer correlation for turbulent forced convective flow along a flat plate when Grx/Re21/8xPr1/2 is less than 10-4, and becomes higher than the value predicted by that correlation when Grx/Re21/8xPr1/2 is higher than 10-4.
As for Eq. ( 3 ), in the region where Grx/Re21/8xPr1/2 is less than 10-2, Nux/Nux,nt given by Eq. ( 3 ) is higher than 1, but decreases as Grx/Re21/8xPr1/2 increases.
In the region where Grx/Re21/8xPr1/2 is higher than 10-2, Nux/Nux,nt approaches to 1 asymptotically.
This tendency means that a local Nusselt number can be predicted roughly by the heat transfer correlation for turbulent free convective flow along a vertical flat plate when Grx/Re21/8xPr1/2 is higher than 10-2.
These results show that there are three regions, purely forced convection, combined forced and free convection and purely free convection regions for the 18 mm gap channel.
From the discussion described-above, it is supposed that size of cross section of a tube or a flow channel, for example water gap of a rectangular channel, exerts an important influence on the heat transfer characteristics in combined forced and free convective flow. The subchannels in the standard type fuel elements used for the upgraded JRR-3 are designed with a water gap of 2.28 mm. Indeed the heat transfer experiments of combined forced and free convective flow in a relatively wide tube or flow channel have already been carried out as mentioned-above, but it is not clear if these results can be applicable or not to estimate the heat transfer characteristics in such narrow vertical rectangular channels as the subchannels of the standard type fuel elements used in the upgraded JRR-3.
It is also necessary to make clear what are the differences in the heat transfer characteristics between upward and downward flow in such a narrow channel, if there are any.
The purpose of this study is to make clear the heat transfer characteristics of combined forced and free convective flow in a narrow vertical rectangular channel. In order to meet this purpose, local heat transfer coefficient along a vertical narrow rectangular flow channel with a water gap of 2.5 mm was obtained experimentally.
Measurements were carried out for both upward and downward flows and for the range of the Reynolds number Rede of about 100 to about 31.000.
II. EXPERIMENT Figure 2 shows a schematic diagram of the test rig used in this study. The test rig is composed of a test section, a coolant Heating of the coolant flowing in the flow channel is achieved by passing a direct current longitudinally through the heating plates. Thirty sheathed thermocouples with outer diameter of 0.5 mm are welded axially at regular intervals on the back surface of the heating plates, 20 for one plate and 10 for the other, in order to obtain the axial heating plate temperature profiles. The inside of the flow channel can be observed through windows made of lucite, which compose the narrower side walls of the flow channel.
The key items for measurements are the flow rate of the coolant, surface heat flux of the heating plates, the coolant temperatures at the entrance and the exit of the flow channel, and the heating plate temperature at the back surface.
The flow rate is measured by means of the rotor flow meters or the electro-magnetic flow meter.
The surface heat flux of the heating plates is obtained by the measurement of current and voltage supplied for each heating plate.
The coolant temperatures at the entrance and the exit of the flow channel are measured with 1.6 mm O . D. thermocouples inserted in both the upper and the lower plenum, and these values are used to estimate a coolant bulk temperature profile along the flow channel. The surface temperatures of the heating plates were calculated from the surface heat flux and temperatures of the heating plate at the back surface, considering heat conduction through the heating plates.
Heat loss from the test section to the environment is estimated to be less than 10% of total heat input.
Major test parameters in this experiment are the flow directions of forced convection, the heat flux of the heating plates, mass flux of the coolant and the coolant temperature at the entrance of the flow channel.
Ranges of these parameters investigated in this experiment are listed in Table 1 as well as major test conditions. Each measurement was done after confirming that main temperatures became steady enough.
The maximum heating plate temperature was restricted to be lower than 373 K, not so as to allow the onset of nucleate boiling on the heating plates.
-21 -- Figure 4 (a), (b) shows typical profiles of heating plate temperature Tw and water bulk temperature Tb along the flow channel, taking the temperature as the ordinate and the distance from the entrance of the flow channel as the abscissa. This figure shows the temperature profiles with heat flux of about 8x104 W/m2. The profiles for upward flow are given in Fig. 4(a) and those for downward flow are given in Fig. 4(b) , respectively. Coolant velocity is taken as a parameter. In this experiment, the maximum on the heating plate temperature profiles along the flow channel appears in the condition with the Reynolds number Rede from about 2x103 to about 3x103, which are near by the critical Reynolds number (Rede,cr=2.3x103 for the inner flow in the tube). On this condition, it is expected that near the entrance of the flow channel, flow is laminar, and on the way to the exit of the flow channel, it turns into turbulent flow. In general, a heat transfer coefficient of turbulent forced convection is higher than that of laminar forced convection. Then, relatively high temperature region (i.e. the maximum) must appear near the entrance of the flow channel.
This suggests that the maximum obtained in this experiment attributes to the flow transition from laminar to turbulent flow in forced convective flow.
2. Heat Transfer Characteristics of Present Experiment Figure 5 
Equivalent hydraulic diameter de is taken as characteristics length in Nude, Nude,ft, Grde and Rede. The data for upward flow are shown in Fig. 5(a) and those for downward flow in Fig. 5(b) , respectively.
All the data are divided into three groups, the data with Rede less than 2x103, those with Rede of 2x 103 ~ 3x103 and those with Rede, higher than 3 x103. They are plotted with different symbols corresponding to each group in Fig.  5 . For a comparison, Eq. ( 1 ) is drawn in the same figure. The data with Rede, less than 2 x103, for which Grde/Re21/8dePr1/2 is relatively high, are scattered widely, and are not correlated well with Eq. ( 1 ) for both upward and downward flows. This seems to be attributed to the fact that the dependence of the heat transfer coefficients on x is not properly considered in Eq. ( 1 ). On the other hand, the data with Rede, higher than 3x103, for which Grde/Re21/8dePr1/2 is relatively low, agree with Eq. Distance from the entrance of the flow channel x is taken as characteristics length in Nux, Nux,ft, Grx and Rex. The :data for upward flow are shown in Fig. 6(a) and those for downward flow in Fig. 6(b) , respectively. All the data are plotted with different symbols corresponding to the three groups defined in Fig. 5 . For a comparison, Eq. ( 2 ) is drawn in the same figure. The scattering magnitude of the data with Rede, less than 2x103 becomes less than that observed in Fig. 5 for both upward and downward flows. This is due to the proper consideration of the dependence of the local heat transfer coefficient on x. Besides, Nux/ Nux,ft of the data with Rede higher than 3x103 are somewhat higher than those predicted by Eq. ( 2 ) for both upward and downward flows.
The Nux/Nux,ft of the data with Rede of 2x103~3xlO3 are a little less than those predicted by Eq. (.2 ). Nevertheless, Eq. ( 2 ) gives much better prediction than Eq. ( 1 ) gives.
-23 -- Figure 7 shows the experimental data of Nux vs. Rex which were obtained for upward flow, with Ra*x (=Gr*xPr) as a parameter so that heat transfer characteristics may be discussed from the viewpoint of forced convective heat transfer.
In the figure the parameter ranges for Ra*x are shown with corresponding symbols.
Existing heat transfer correlations Eqs. ( 5 ) and ( 6 )(9)(10), which have been proposed for turbulent and laminar forced convective flows, respectively, over a flat plate, are also shown for comparison with the experimental data. Equation ( 6 ) The experimental data shown in Fig. 7 contain the three groups of data defined in Fig. 5 .
Equations ( 5 ) and ( 6 ) Nux,nt=0,568(Gr*xPr)0.22. (7) The Nux obtained by Eq. ( 7 ) is not dependent on Rex but dependent solely on Ra*x. In the figure, Nux approaches to that for forced convective flow estimated by Eq. ( 5 ) under constant Ra*x with increasing Rex and conversely approaches to the constant value estimated by Eq. ( 7 ) for free convective flow corresponding to each of Ra*x with decreasing Rex. Therefore, the transition region between forced and free convection can be observed in Fig. 7 as the region where Nur deviates from the solid straight line of Eq. ( 5 ) for given range of Ra*x but does not still reach the constant value which is dependent solely on Ra*x with decreasing Rex. It should be mentioned here that the transition region can be, therefore, identified by use of Eqs. ( 5 ) and (7) as shown in Fig. 7 . No significant difference were observed in heat transfer characteristics between upward and downward flow. Figure 8 (a),(b) shows another rearrangement of the same data as shown in Fig. 6 . Taken as the ordinate is Nux/Nux,nt in the left-hand side of Eq. (3 ). Taken as the abscissa is Grx/Re21/8xPr1/2, which is the same one as used in Fig. 6 . The Nux,nt is given by Eq. (7).
The data of upward flow are shown in Fig. 8(a) and those of downward flow in Fig. 8(b) , respectively.
All the data are plotted with the different symbols corresponding to the three groups defined in Fig. 5 . For a comparison, Eq. (3) is drawn in the same figure.
All the data except those with Rede of 2x103~3x 103 are well correlated with Eq. ( 3 ). From these figures, it is confirmed that Eqs. ( 2 ) and ( 3 ) give good predictions to the present experimental data, containing those of the transition region between forced and free convection.
Then, it is concluded that even in the narrow flow channel with water gap of 2.5 mm, the transition region between forced and free convection exists in the following condition :
This tendency is almost the same in both upward and downward flows.
The following two should be pointed out here with respect to Fig. 8(a), (b) .
(1) The experimental data for Grx/Re21/8xPr1/2 larger than 10-2 are also necessary for the thermal-hydraulic analysis of a core flow reversal from the downward to the upward flow in the abnormal operational transients and accidents but these data for the downward flow were not obtained in this study as seen in Fig. 8(b) .
It is, however, reasonably understood from the tendency of the experimental data shown in Fig.  8(a), (b) that the Nux/Nux,nt becomes unity for Grx/Re21/8xPr1/2 larger than 10-2.
(2) It should be noticed that Eq. (7) for free convective flow along a vertical flat plate in a pool can be applied for free convective flow in a vertical rectangular channel as narrow as 2.5 mm though the reason for applicability of Eq. ( 7 ) to the narrow vertical rectangular channel is not always clear at present because the flow pattern should be much different between the two. Fig. 9(a) . Non-dimensional parameter Grx/Re21/8xPr1/2 is relatively low compared with 10-4 in each datum. Then these data belong to the forced convection region judging from Eq. ( 8 ), and it is expected that forced convective effect is dominant in those data. This figure contains the data with Rede of 4.3 x 103~5.5x103, with Rede of 2.2x1033 .4x103, and with Rede, of 1.7x103~2.8x103, respectively. As for the data with Rede of 1.7 x 103~ 2.8x103, the local heat transfer coefficient tends to decrease slightly as x/de increases, following the predictions by Eq. ( 5 ) in Fig. 9  (a) . As for the data with Rede of 4.3x103~ 5.5x103, data are scattered widely and seem not to depend on x/de systematically.
On the other hand, as for the data with -25 -Rede of 2.2 x103~3.4 x103, the local heat transfer coefficient increases suddenly when x/de reaches 50, and stays on higher level in the region where x/de is more than 80. Considering that the values of Red, in these data are very close to the critical Reynolds number (Rede,cr=-2,300) in a tube, this tendency shows an occurrence of the transition of flow from laminar to turbulent flow.
In this experiment, the maximum temperature on the heating plate temperature profile, mentioned in the previous section, appears only in response to this flow transition in the forced convection region.
The same tendency was observed in the downward flow.
It should be mentioned here that it is understood in Fig. 9 ( 5 ) and ( 7 ) underpredict the data. Then, Nux/Nux,ft and Nux/ Nux,nt become higher than 1 as shown in Figs. 6 and 8. It is, therefore, understood that the reason why heat transfer coefficient in the transition region identified by Eq. ( 8 ) is higher than that predicted by Eqs. ( 5 ) and ( 7 ) is not due to the combined effect of buoyancy force of forced and free convection, Effect of Grx/Re21/8xPr1/2 on local Nusselt number profiles for upward flow but due to the acceleration of the main flow which is originated by the development of the boundary layer in a narrow gap flow channel. Figure 10 (c) shows the data with Grx/ Re21/8xPr1/2 of 1.1 x10-3,~8.8 x10-3, which also belong to the transition region between the forced and the free convection identified by Eq. ( 8 ) . These data agree well with the analytical results presented by Hwang et al. as well as those in Fig. 10(b) . It is considered, however, that the effect of the buoyancy force appears and it suppresses the effect of forced convection near the exit of the flow channel because the data shift from the analytical results presented by Hwang et al. to the predictions by Eq. (7) with the increase of Rex in Fig. 10(c) . In these data, the non-dimensional parameter Grx/Re21/8xPr1/2 is about 3.0x10-3 at the point where the experimental data approach to the values predicted by Eq. (7). If combined convection region is defined as the region where buoyancy effect appears on forced convection, the data in Fig. 10(c) show the nature of the combined forced and free convection, and the transition region given by Eq. ( 8 ) may at least contain the combined forced and free convection region.
Figure 10(d) shows the data with Grx/ Re21/8xPr1/2 of 7.6x10-3~5.2 x10-2, which belong to the free convection region judging from Eq. (8) .
The data are not close to the predictions by Hwang et al., but are close to the predictions by Eq. ( 7 ) for free convection heat transfer.
This means that free convection becomes dominant in the condition with larger Grx/Re21/8xPr1/2. This tendency is same in downward flow but the data in free convection region cannot obtained for downward flow.
As mentioned previously, Kenning et al.(2) and Kitamura et al. (4) asserted that heat transfer in combined forced and free convection was suppressed compared with that in turbulent forced convection in upward flow. Especially, Kenning et al. concluded that this deterioration of heat transfer was due to buoyancy effect. Indeed buoyancy effect can be observed in this experiment as shown in Fig. 10(c) , but the effect of the acceleration of the main flow is so strong in the narrow gap flow channel that heat transfer in the combined forced and free convection region is always improved compared with that of turbulent forced convection along a flat plate in this experiment.
IV. CONCLUSION
Heat transfer experiment was carried out for water flowing under 0.1 MPa in a vertical rectangular flow channel heated from both sides. In this experiment, effects of forced and free convection were investigated for a rectangular flow channel whose gap was 2.5 mm. As a result, the following heat transfer characteristics were made clear in this study, similarly to the case of 18 mm gap which was already reported by the authors, using the non-dimensionnal parameter Grx/Re21/8xPr1/2 :
(1) When the Grx/Re21/8xPr1/2 is less than 10-4, the flow shows the nature of the forced convective heat transfer in both upward and downward flow. (2) When the Grx/Re21/8xPr1/2 is between 10-4 and 10-2, heat transfer coefficient in both upward and downward flows is higher than that predicted by any previous correlation for turbulent forced convection along a flat plate and turbulent free convection along a vertical flat plate. This is, differently from the case of 18 mm gap, because the acceleration of the main flow originated by the development of the boundary layer in the narrow gap rectangular channel promotes the heat transfer. (3) When the Grx/ Re21/8xPr1/2 is larger than 10-2, the upward flow shows the nature of free convective flow even with the gap as narrow as 2.5 mm in the vertical flow channel. On the other hand, the more data with Grx/Re21/8xPr1/2 larger than 10-2 should be accumulated for the downward flow though the same tendency as in the upward flow is reasonably expected in the downward flow, judging from the experimental results obtained in this study.
Equations ( 2 ) and ( 3 ), which were developed for the 18 mm gap rectangular flow channel, are also available to understand a
